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Membrane Lipid Alterations as a Possible Basis for
Melanocyte Degeneration in Vitiligo
Maria Lucia Dell’Anna1, Monica Ottaviani1, Veronica Albanesi1, Andrea Paro Vidolin2, Giovanni Leone2,
Carmela Ferraro3, Andrea Cossarizza4, Luisa Rossi5 and Mauro Picardo1
The occurrence of oxidative stress has been proposed as a pathogenetic mechanism for melanocyte
degeneration in vitiligo. In order to evaluate this possible correlation we focused on the lipid component of cell
membranes. We observed in vitiligo melanocytes, through FACS methods, an increased median fluorescence
intensity of rhodamine 123 and C11-BODIPY581/591 indicating a spontaneous higher production of reactive
oxygen species (ROS) and membrane lipoperoxidation, associated with an altered pattern of cardiolipin (CL)
distribution, defined on the basis of the fluorescence pattern after staining with 10-nonyl acridine orange. We
confirmed membrane peroxidation by confocal and contrast-phase microscopes and demonstrated impaired
activity of the mitochondrial electron transport chain (ETC) complex I. Finally, we observed increased apoptotic
events following exposure to the pro-oxidant cumene hydroperoxide by Annexin V/propidium iodide
fluorescence. We hypothesize that in vitiligo melanocytes lipid instability, with a defect in the synthesis or
recycling of CL, induces ETC impairment and ROS production. In basal conditions melanocytes maintain the
redox balance whereas following chemical or physical stress ROS-mediated membrane peroxidation is
increased with a possible further CL oxidation, leading to cell death or detachment.
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INTRODUCTION
Vitiligo is an acquired depigmenting disease whose etio-
pathogenesis has still to be completely defined. Among the
possible mechanisms leading to the disappearance of
functional melanocytes, the immune-mediated and the toxic
ones are the most probable. Clinical and experimental
evidence suggests the occurrence of an oxidative stress
leading to melanocyte degeneration. However this process,
as well as the executive disappearance mechanism, lacks a
clear explanation (Le Poole et al., 1993; Taieb, 2000;
Gauthier et al., 2003). In the epidermis from subjects with
active vitiligo, an increased production of H2O2 has been
reported and is associated with a lower expression and lower
activity of the antioxidant enzyme catalase (Schallreuter
et al., 1991, 1999). This could represent the biological basis
for the reported susceptibility to chemical (cumene hydro-
peroxide (CuH); phenols) or physical (UV) stressors of the
melanocytes in vitro (Maresca et al., 1997; Jimbow et al.,
2001). In addition, several authors have described an
alteration of the redox balance even in non-epidermal
compartments, suggesting a possible systemic involvement
in the disease (Akyol et al., 2002; Agrawal et al., 2004; Koca
et al., 2004; Schallreuter et al., 2006). Previously, in
peripheral blood mononuclear cells of patients with active
disease, we demonstrated an increased reactive oxygen
species (ROS) generation and a compromised antioxidant
capacity indicating mitochondria as a possible site of ROS
generation. These cells were particularly susceptible to the
inhibition of the electron transport chain (ETC) complex I
(CxI), with an increased cell death and decreased mitochon-
drial membrane potential when exposed to rotenone
(Dell’Anna et al., 2001, 2003). ROS production was
associated with an alteration of the mitochondrial trans-
membrane potential, and was reduced by cyclosporin A, an
inhibitor of mitochondrial permeability transition pores. The
mitochondrial involvement is also supported by the increased
expression of the mitochondrial malate dehydrogenase,
possibly due to a compensatory mechanism ensuring the
proper intramitochondrial nicotinamide adenine dinucleo-
tide (reduced form) level and ATP production at least in basal
conditions (Dell’Anna et al., 2001, 2003).
The characterization of the biochemical pathways that
account for the imbalance of the redox system and for the
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mitochondrial alteration could provide a better understand-
ing of vitiligo pathomechanisms and possibly improve
therapeutic approaches.
Before this, vitiligo melanocytes were reported to be more
susceptible to the toxic effects of chemical oxidants or UVB,
both able to induce ROS generation and alterations to
mitochondrial activities (Maresca et al., 1997; Jimbow et al.,
2001; Kroll et al., 2005). The expression and function of the
mitochondrial ETC complexes is strictly dependent on the
lipid component of the inner mitochondrial membrane and
particularly on cardiolipin (CL) (Gohil et al., 2004). CL is a
dimeric structure consisting of four fatty acyl chains, and is
the most representative phospholipid of the inner membrane
responsible for the correct housing and activity of ETC
proteins (Haines and Dencher, 2002; Gohil et al., 2004). An
impaired assembly or recycling of CL is associated with
mitochondrial defects (Xu et al., 2005) reverted in vitro by
supplementation with the phospholipid or its components
(Valianpour et al., 2003).
Here, we studied epidermal primary melanocytes from
non-lesional vitiligo skin and we observed altered ROS
production, membrane lipoperoxidation, modification of the
transmembrane CL distribution, and decreased CxI activity,
as well as increased susceptibility to the chemical oxidant
CuH. The structural and functional pattern demonstrated here
may represent the initial biochemical impairment occurring
in vitiligo and account for the loss of melanocyte viability
after oxidant challenge.
RESULTS
Membrane peroxidation in primary vitiligo melanocytes and
mitochondrial ROS production
Cultured epidermal primary vitiligo melanocytes at passage 0
present a significant membrane peroxidation, evaluated by
confocal microscopy and FACS using C11-BODIPY581/591
(median fluorescence intensity (MFI) 43278 in vitiligo and
17973 in normal melanocytes, P¼ 0.00004) (Figure 1a). The
confocal granular pattern of the fluorescence suggests a
specific involvement of the mitochondrial membranes (Figure
1c). Moreover, a higher ROS production was detected by
FACS analysis as indicated by MFI of the probe rorhodamine
123 (350715 in vitiligo and 19078 in normal melanocytes
Po0.01) (Figure 1b), further supporting mitochondrial
involvement in vitiligo pathogenesis (Sastre et al., 1996;
Wrona et al., 2005).
Lipid components of the membranes in primary vitiligo
melanocytes
We evaluated the content and the transmembrane distribu-
tion of CL in order to assess a possible initial derangement of
the mitochondrial membranes. CL is present almost exclu-
sively in membranes harboring ETC complexes. It is required
for the correct interaction and assembly of proteins beyond
ETC and provides their stability. However, it did not co-
isolate with proteins not engaged in oxidative phosphoryla-
tion (Haines and Dencher, 2002; Gohil et al., 2004). Upon
binding to CL (ratio 2:1), but not to oxidized CL, 10-nonyl
acridine orange (NAO) shifts the fluorescence emission from
green towards red (from 520 to 640 nm), detectable by FACS
in FL3 (Fernandez et al., 2002). The inflection point of the
NAO curve, corresponding to the saturation of the outer side
of the inner membrane in vitiligo melanocytes, takes place at
a lower NAO concentration compared to that observed in
normal melanocytes (7.5 vs 10 mM). This indicates a reduced
percentage of CL (18 and 56% in vitiligo and normal samples,
respectively; Po0.01) (Figure 2).
CxI activity is decreased in melanocytes from vitiligo subjects
Mitochondrial energy production is physiologically asso-
ciated with the production of ROS, but has no effect on cell
viability and function. However, defective ETC activity can
lead to the generation of reactive species that overcome the
cellular detoxifying mechanisms. The impairment of the CxI
activity can be a suitable basis for the altered redox status
reported in different cell types from vitiligo subjects. We
previously demonstrated that peripheral blood mononuclear
cells from vitiligo subjects are particularly susceptible to the
specific CxI inhibitor rotenone (Dell’Anna et al., 2003).
Alteration of the CL may affect CxI activity that in turn can
lead to the generation of ROS. In order to test whether
impaired CxI activity can provide the basis for the observed
high ROS production and membrane lipoperoxidation in
melanocytes, we performed a semiquantitative analysis of the
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Figure 1. Membrane peroxidation associates with a high production of ROS
in vitiligo melanocytes. Epidermal melanocytes were grown in medium 254
supplemented with human melanocyte growth factors (all from Cascade
Biologics). Immediately after the trypsinization, the cells were stained at 371C
for 30 minutes with (a) C11-BODIPY581/591 0.1 mM, evaluating the degree of
membrane lipoperoxidation, or with (b) rorhodamine 123, in order to detect
the intracellular ROS generation. The analysis was performed by means of
FACSCalibur and CellQuest was used for the acquisition and analysis of the
file acquired in listmode. The MFI of FL1 (520 nm) was recorded in linear
scale for both dhrorhodamine 123 and C11-BODIPY581/591. (c) The
membrane lipoperoxidation was also evaluated by means of confocal
microscope (original magnification  63), after staining with
C11-BODIPY581/591 2 mM in Chamber Slides, where the occurrence of
membrane peroxidation was indicated by the shift of the emission from
the red to the green. Rorhodamine 123 data were reported as mean7SD
(n¼5). *Po0.01.
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CxI activity in epidermal melanocytes from non-lesional
areas of vitiligo patients and from the skin of healthy subjects.
We demonstrate that even melanocytes are characterized
by a significant decreased activity of CxI, histochemically
indicated by a lower level of black spots produced following
3(4,5-dimethylthiazol-2yl)2,5 diphenyltetrazolium bromide
reduction, and further decreased by treatment with
the specific CxI inhibitor rotenone (0.6 mg/ml) (Figure 3).
The degree of bright white (a.u.) inversely correlates with the
activity of the CxI. Basal values of 2072 were found in
normal melanocytes and 3074 in vitiligo melanocytes
(Po0.001). Treatment with rotenone leads to bright white
of 2573 and 4074 in normal and vitiligo melanocytes,
respectively (Po0.001 vs basal in vitiligo samples), indicating
that vitiligo cells were more susceptible to the effect of the
CxI inhibitor.
Vitiligo melanocytes are more susceptible to apoptosis by CuH
As vitiligo worsens in stressful conditions, we evaluated the
effects of chemical oxidative stress by exposing primary
epidermal melanocytes to CuH. Vitiligo melanocytes were
characterized by an increased susceptibility to the pro-
oxidant agent, as indicated, on the basis of the Differential
Light Scatters, by the enrichment of the apoptotic region and
by the increase of apoptotic events inside the viable region.
The analysis of the apoptotic process inside the viable region,
carried out after the staining with Annexin V and propidium
iodide, demonstrated the increased early (melanocytes
Annexin Vþ /propidium iodide 1174 vs 772% at 20 mM
CuH, Po0.05) and late (melanocytes Annexin Vþ /propidium
iodideþ 3876 vs 1273.2% at 20 mM, Po0.001) apoptotic
events (Figure 4; Table 1). In separate experiments the
induction of apoptotic pathway by CuH in vitiligo melano-
cytes was confirmed by caspase 3 activation as evaluated by
FACS analysis using specific monoclonal antibody (data not
shown). Our results indicate a correlation between a
primitive membrane defect and increased susceptibility to
stress.
DISCUSSION
It has been previously demonstrated that melanocytes from
vitiligo subjects show an increased susceptibility to stressful
stimuli, such as CuH, phenols, catechols, and UV (Maresca
et al., 1997; Yang and Boissy, 1999; Jimbow et al., 2001;
Boissy and Manga, 2004; Kroll et al., 2005). This suscept-
ibility is associated with a high level of epidermal ROS
production (Schallreuter et al., 1998, 1999, 2001; Rokos
et al., 2002). Moreover, increased ROS production affecting
the intracellular redox balance and the susceptibility to
chemical oxidants also characterizes non-epidermal cells
(Dell’Anna et al., 2001). Herein we have added new insight
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Figure 2. CL could be directly involved. Primary epidermal melanocytes
were fixed with 1% paraformaldehyde for 20 minutes at 221C, washed and
stained with NAO (0.1, 0.5, 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 22.5, 25, 27.5, 30,
32.5, 35 mM) for 15 minutes, and immediately analyzed after extensive
washing. In all 10,000 total events were acquired by means of FACSCalibur
and FL3 fluorescence intensity was acquired and analyzed in a linear scale.
The inflection point of NAO saturation was calculated by Grafit program. The
data reported are the mean7SD of the five analyzed samples. *Po0.01.
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Figure 3. CxI activity is affected in vitiligo melanocytes.
Immunohistochemistry allows a semiquantitative evaluation of the CxI
activity. The average7SD of five vitiligo and normal subjects are represented
in the histogram (*Po0.001). The ability of the cells to transform 3(4,5-
dimethylthiazol-2yl)2,5 diphenyltetrazolium bromide in the black formazan
correlates with the activity of the mitochondrial CxI. We calculated, through a
dedicated macro, the intensity (a.u. with a black–white scale provided by the
software) of the white for each area of the slide observed by means of
contrast-phase microscopy.
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into the possible etiopathogenetic mechanisms leading to
melanocyte loss in vitiligo lesions. Previous observations
reported vacuolization of both melanocytes and keratino-
cytes in vitiligo epidermis as well as in vitiligo melanocyte
cultures as a consequence of H2O2-derived oxidative stress
(Schallreuter et al., 1999; Tobin et al., 2000). Now we
provide evidence that the alteration of the lipid components
of the membrane could be a possible determining factor in
intracellular ROS generation. In vitiligo melanocyte cultures
we demonstrated an intracellular hyperproduction of ROS,
associated with membrane lipoperoxidation, impaired CxI
activity and increased susceptibility to oxidant-induced
apoptosis. Moreover, we observed a modified transmem-
brane distribution of CL, the major membrane lipid envelope
of ETC complexes.
It should be noted that the specific modification of the CL
pattern was observed in the absence of any peroxidative
treatment or senescence in culture, demonstrating that before
any experimental manipulation, cultured vitiligo melanocytes
possess an altered membrane structure that could affect some
mitochondrial activities. We speculate that the intrinsic
alteration of the membranes precedes the changes of CxI
activity and is the basis for the susceptibility to the cell by
chemical oxidants (Maresca et al., 1997; Yang and Boissy,
1999; Boissy and Manga, 2004; Kroll et al., 2005). The lipid
composition of the cellular membranes affects the structure,
the function, and the spatial transmembrane orientation of
the proteins (Haucke and Schatz, 1997; Rafique et al., 2001;
Gohil et al., 2004; Zhang et al., 2005). CL is an acidic
dimeric phospholipid consisting of four fatty acyl chains
(Haines and Dencher, 2002; Gohil et al., 2004). The
defective CL function could be subsequent to the oxidation
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Figure 4. Vitiligo melanocytes are susceptible to chemical pro-oxidants. Cells were exposed to 7 and 20mM CuH and stained with Annexin V and propidium
iodide. The dot plots of the FSC-SSC subset melanocytes (debris exclusion) were reported (up: normal, down: vitiligo; left: control, central: 7 mM, right: 20 mM).
The histograms correspond to the average 7SD of the percentage of late apoptotic cells in five samples. *Po0.05; **Po0.001.
Table 1. The apoptotic events in normal and vitiligo
melanocytes treated with CuH
k 7 lM 20 lM
Early apoptosis N 271 2.572 772*
VTG 270.5 372 1174**
Late apoptosis N 372 872 1273.2*
VTG 872 1273 3876***,*
CuH, cumene hydroperoxide; N, normal samples.
*Po0.05 versus basal and versus VTG; **Po0.01 versus basal;
***Po0.0001 versus basal; *Po0.001 versus N.
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by the high intracellular levels of H2O2, leading in turn to the
propagation of the membrane lipo-lipoperoxidation and to
mitochondrial impairment (Petrosillo et al., 2001). However,
the oxidative process did not affect transmembrane distribu-
tion of the CL that could be due to a defective fatty acid
composition or to the remodelling process (Haines and
Dencher, 2002; Broquet et al., 2003; Valianpour et al., 2003;
Gohil et al., 2004). In any case, the observed defective
content of CL in the outer surface of the inner mitochondrial
membrane leads us to hypothesize that the initial defect is
mitochondrial, mainly at the level of the membrane harbor-
ing the ETC complexes where H2O2 was generated. Finally,
CL oxidation modulates the assembly and the catalytic
activity of CxI, CxIII, and CxIV (Ugalde et al., 2004).
In vitro exposure of vitiligo melanocytes to the depigment-
ing agent 4-tert-butyl-phenol leads to a high release of the
lipid-bound hsp70, capable of activating dendritic cells and
possibly triggering and maintaining the immune recognition
of the melanocytes (Kroll et al., 2005). It is strictly associated
with lipid rafts and participates in the mitochondrial transport
inner membrane complex. Along with CL it regulates the
import of some ETC proteins (Haucke and Schatz, 1997;
Broquet et al., 2003; Xu et al., 2003; D’Silva et al., 2004;
Hood and Joseph, 2004). Thus, the altered lipid composition
could account for the increased release of hsp70 and then for
the switch-on immune response. Finally, the depletion,
owing to synthesis/recycling defects, or the oxidation of the
CL, owing to increased ROS generation, could lead to the
release of cytochrome c, as reported in other in vitro models,
accounting at least in part for the melanocyte loss in vivo and
for increased cell death during oxidative challenge (Shidoji
et al., 1999; Petrosillo et al., 2001; Ott et al., 2002).
Moreover, CxI is a possible target for dopamine damage,
an altered, systemic, or local catecholamine metabolism
which has been described in vitiligo patients (Morrone et al.,
1992; Schallreuter et al., 1994; Le Poole et al., 1994; Salzer
and Schallreuter, 1995; Cucchi et al., 2000; Ben-Shachar
et al., 2004). Our data are in agreement with the involvement
of the mitochondrial respiratory chain in vitiligo previously
indicated by the increased expression of the mitochondrial
malate dehydrogenase. This accounts for an augmented intra-
mitochondrial nicotinamide adenine dinucleotide (reduced
form) level and thus for a normal ATP production despite
impaired CxI activity, at least in basal conditions (Dell’Anna
et al., 2003).
At least four potential mechanisms linking vitiligo to
oxidative stress have been identified so far: (a) altered
metabolism of catechols and biopterins with subsequent
production of toxic intermediates for melanocytes, (b)
polymorphism of the catalase gene giving rise to an
inadequate antioxidant defense, (c) toxicity of the melanine
intermediates acting directly inside the melanocyte, (d)
inhibition of the transcription factor microphthalmia-asso-
ciated transcription factor by excessive H2O2 or by insuffi-
cient growth factors (stem cell factor) which affect both
melanin production and cell survival (Casp et al., 2001;
Jimenez-Cervantes et al., 2001; Hasse et al., 2004; Lee et al.,
2005). In this study, we indicate the primitive membrane
defect as a possible basis for some factors, at least, from the
above list.
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Figure 5. The possible pathogenetic mechanism. A schematic picture of the causal and temporal sequence leading to the melanocyte functional impairment
during vitiligo.
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On the basis of our results, a possible pathogenetic
hypothesis could be that a defective arrangement of the
membrane lipids, with an initial altered CL composition and
function, leads to impaired ETC activity. These structural and
functional failings are in turn associated with an increased
ROS production, overcoming the antioxidant defense; the last
events could be ROS-mediated membrane peroxidation, with
a possible further CL oxidation, and increased susceptibility
to stressful agents (Figure 5).
MATERIALS AND METHODS
Subjects and cells
A skin punch-biopsy (4 mm diameter) was obtained from axillary or
gluteal areas from five vitiligo subjects with active (on the basis of
the progression or appearance of lesions in the last 3 months) non-
segmental disease and five normal subjects, sex and age matched.
Autoimmune diseases or familiarity were not present in any vitiligo
subjects. The epidermis was separated from the dermis (dispase
overnight, 41C) and cells were disaggregated (0.05% Trypsin 0.02%
EDTA, 12 minutes, 371C under gentle agitation). Epidermal melano-
cytes were seeded in 254 conditioned medium (Cascade Biologics,
Mansfield, UK), containing fetal bovine serum (0.5%), bovine insulin
(5mg/ml), bovine transferrin (5mg/ml), basic fibroblast growth factor
(3 ng/ml), hydrocortisone (0.18 mg/ml), heparin (3 mg/ml), phorbol
12-myristate 13-acetate (10 ng/ml), and analyzed in subconfluent
phase at passages 0–2. For flow cytometric methods FACSCalibur
(Becton Dickinson, San Diego, CA; argon laser 488 nm/15 mW and
red diode 635 nm), and CellQuest and Flo-Jo software were used.
The MFI analysis was performed in a linear scale. In all, 5,000 total
events were acquired (when not specified differently). The study was
approved by the San Gallicano Dermatological Institute ethics
committee and all patients provided informed consent before
inclusion in the study. The Declaration of Helsinki Principles were
followed.
Membrane peroxidation
Adherent melanocytes were stained in 254 conditioned medium
with the fluorescent fatty acid analog C11-BODIPY581/591 (2 mM,
20 minutes, 371C 5% CO2) (Molecular Probes, CA) and immediately
analyzed by confocal microscope (LSM5 Pascal, Zeiss, Germany)
(Brouwers et al., 2005). The shift of the fluorescence from red to
green (520 nm) correlates well to the formation of phospholipid
peroxides and cholesterol oxidation products (Brouwers and
Gadella, 2003). The fluorescence of C11-BODIPY581/591 was also
evaluated by FACSCalibur. Owing to the different sensibilities of the
two instruments, the probe used here was at 0.1mM.
ROS production
Cells (2.5 105) were loaded with 0.5 mM dihydrorhodamine 123
(Molecular Probes), that passively diffuses across cell membranes
where it is oxidized by ROS, mainly H2O2, to cationic rorhodamine
123 which localizes into the mitochondria (Sastre et al., 1996).
Transmembrane CL distribution
Melanocytes (5 105) were fixed in paraformaldehyde 1% (15 min-
utes, 221C) and stained with NAO (Molecular Probes). A wide range
of NAO was used: 0.1, 2.5, 5, 10, 15, 20, 22.5, 25, 27.5, 30, 32.5,
and 35 mM (Fernandez et al., 2002). After extensive washes the FACS
acquisition was carried out. In all, 10,000 total events were acquired
and MFI of FL3 was evaluated. MFI of higher NAO concentration has
been considered as 100% fluorescence, corresponding to the overall
CL saturation; the other MFI are reported as a percentage of the
maximum MFI and plotted versus NAO concentration. When all CL
binding sites are saturated, red fluorescence shows a plateau. NAO
can thus cross the membrane and binds CL in the matrix side with a
further increase in FL3 fluorescence. Finally, when the inner leaflet is
completely occupied a second plateau is reached. Each plateau was
mathematically calculated by GraFit 3.0 software using the second
derivative of the fitting curve, indicating the inflection point.
Melanocyte CxI activity
Melanocytes were seeded on CultureSlides (Becton Dickinson) in
254 conditioned medium. The semiquantitative analysis of CxI
activity was performed by the histochemical method, based on the
CxI-mediated reduction of 3(4,5-dimethylthiazol-2yl)2,5 diphenylte-
trazolium bromide dye to the black colored product formazan (de
Halac et al., 2000). The specificity of the reaction was evaluated by
the sensitivity to the inhibitor rotenone. The cells were exposed to
0.6 g/ml rotenone (in 50% ethanol), or to 50% ethanol alone and
then incubated with buffer A pH 7.0 (2 mg/ml 3(4,5-dimethylthiazol-
2yl)2,5 diphenyltetrazolium bromide, 0.2 M Tris pH7.4, 0.5 M CoCl2,
0.05 M MgCl2, and 2 mg/ml nicotinamide adenine dinucleotide
(reduced form)). The cells were fixed (paraformaldehyde 1%) and
analyzed by contrast-phase microscope (Axioscop 2 plus, Zeiss). A
semiquantitative analysis was performed by a dedicated macro that
allows the evaluation of the brightness of the white in 50 different
areas of the slide for each sample analyzed. The brightness of the
white inversely correlates with activity of the CxI.
Stress treatments
Melanocytes were treated for 60 minutes with 7 and 20 mM CuH
(Sigma, Milano, Italy). Apoptosis was assayed after 6 hours using
Annexin V and propidium iodide (Becton Dickinson). The test was
performed in 254 conditioned medium supplemented with specific
melanocyte growth factors.
Statistical analysis
Student’s t-test was used and a Po0.05 was assumed as significant.
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